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Abstract. In this work, pure aluminium powders of different average particle size were compacted, 
sintered into discs and tested for mechanical strength at different strain rates. The effects of average 
particle size (15, 19, and 35 µm), sintering rate (5 and 20 °C/min) and sample indentation test speed 
(0.5, 0.7, and 1.0 mm/min) were examined. A compaction pressure of 332 MPa with a holding time of 
six minutes was used to produce the green compacted discs. The consolidated green specimens were 
sintered with a holding time of 4 hours, a temperature of 600 °C in an argon atmosphere. The resulting 
sintered samples contained higher than 85% density. The mechanical properties and microstructure 
were characterized using indentation strength measurement tests and SEM analysis respectively. After 
sintering, the aluminium grain structure was observed to be of uniform size within the fractured 
samples. The indentation test measurements showed that for the same sintering rate, the 35 µm powder 
particle size provided the highest radial and tangential strength while the 15 µm powder provided the 
lowest strengths. Another important finding from this work was the increase in sintered sample 
strength which was achieved using the lower sinter heating rate, 5°C/min. This resulted in a tangential 
stress value of 365 MPa which was significantly higher than achieved, 244 MPa, using the faster 
sintering heating rate, 20 °C/min. 
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1. Introduction 1 
 Pure aluminium has many important applications in consumer products, electrical and electronic 2 
engineering, and structural engineering [1]–[4]. In consumer products, aluminium is most noted in packaging 3 
applications. Due to its effect as an impermeable barrier and its non-toxicity, pure aluminium is widely used in 4 
packaging applications [5], [6]. Aluminium is one of the lightest engineering metals, having a strength to weight 5 
ratio superior to steel, however alloying with other elements is necessary to provide the higher strengths needed 6 
for structural applications. In this study, aluminium alloys with less than 1% alloying elements are considered as 7 
pure aluminium. Aluminium alloys based around pure aluminium predominantly, are used in automotive, 8 
aerospace, and shipbuilding industries [7]–[9] . Due to its unique visco-elastic mechanical response, nearly pure 9 
aluminium alloy EN-AW 1050A H24 has recently been proposed as structural shock load absorbing elements in 10 
building construction in areas of seismic activity [3]. The chemical composition of Al 1050A H24 has 11 
commercial denomination of Al 99.50% with alloying elements 0.07%Zn, 0.02%Ti, 0.02% others and has 12 
0.02%Cu, 0.40%Fe, and 0.31%Si impurities [3].  13 
 In electrical engineering, pure aluminium is used instead of copper in power line applications due to it 14 
being more than three times less dense. While aluminium delivers 65% the conductivity of copper, it provides 15 
double the conductivity for the same weight of material. The strongly protective aluminium oxide layer also 16 
results in lower maintenance costs compared to other metallic alternatives. Due to its ductility, aluminium can be 17 
more easily drawn into long thin wires and the high recyclable nature of aluminium also promotes it use in many 18 
applications [10]–[12]. Electrical components such as capacitors, rectifiers, as well as semiconductor 19 
compounds, e.g. AIIIBV, microprocessors, cryoelectronics, and satellite dishes are also produced with pure 20 
aluminium [12]–[14]. Other applications of pure aluminium include mirror reflectors and as a structural material 21 
in nuclear reactors [15], [16]. 22 
 Here in this contribution, we present a study on the mechanical strength of pure aluminium compacts 23 
produced using cold compaction followed by inert atmosphere furnace sintering. The powder metallurgy route of 24 
cold compaction followed by furnace sintering was recently used to provide densities of sintered specimens at 25 
88% [17]. A number of studies have been performed to reduce the high number of steps required by HIP, hot 26 
extrusion, vacuum hot pressing and hot-rolling [18-22], nevertheless the cold P/M route is preferential for 27 
providing pure and exact materials compositions, without the need for a high-cost facility. The P/M route can 28 
produce near net shape components with fine and uniform microstructure [23]. It can also provide better thermal 29 
stability as well as increased corrosion and tribological properties compared to alternative production techniques 30 
[24]. However, a number of complexities need to be overcome during the process of direct pure aluminium 31 
powder compaction and sintering. These complexities arise mainly because of the existence of a firm and intense 32 
oxide layer covering the powder particles. This oxide layer leads to a reduction in both compressibility, thermal 33 
conductivity and ultimately in the ability to sinter these powders [25].  34 
 For a specific P/M processing method, the strength of pure aluminium compacts must be established as a 35 
base point of comparison before final applications and including applications requiring reinforcement are 36 
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examined. This would provide a better fundamental understanding of how these additions can contribute to the 37 
overall material properties and final applications of these P/M parts as light, corrosion resistant, or strong high 38 
temperature materials. As such the main objective of this study was to synthesis pure aluminium disk specimens 39 
with powder metallurgy and correlate the process parameters with the resulting mechanical properties.  40 
2. Experimental procedure 41 
2.1. Materials 42 
 Aluminium powders with an average particle size of 15 μm, 19 μm and 35 μm were purchased from 43 
commercial sources (Goodfellow Ltd. and East Coast Supplies Ltd.) as shown in Figure 1 and detailed in Table 44 
1. Confirmatory particle size measurements were performed using a Malvern Mastersizer S. With the as-received 45 
pure powder, disk shaped specimens were made using cold compaction and consolidation sintering. D90 values 46 
for this powder were found to be <60μm. All experimental measurements were recorded three times, n=3. 47 
Average results values and 95% confidence intervals were calculated and presented. 48 
 49 
   (a)           (b)             (c) 50 
 51 
 52 
 53 
 54 
 55 
 56 
 57 
   (d)        (e)               (f) 58 
Fig. 1  Scanning electron micrographs of aluminium particles of (a) Goodfellow aluminium powder with mean 59 
particle size of 15 μm, (b) Goodfellow aluminium powder with mean particle size of 19 μm, (c) East Coast 60 
Fibreglass aluminium powder with mean particle size of 35 μm and with mixed morphology; size distributoins 61 
of (d) the 15 μm mean powder particle size, (e) the 19 μm mean powder particle size, and (f) the 35 μm mean 62 
powder particle size.  63 
 64 
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 67 
Table 1. Measured particle size and specifications of the aluminium powders investigated.  68 
Material Source Particle Size (μm) Purity 
Powder #1 
Goodfellow Cambridge Ltd. 
15 ± 3.3  
99.00% 
Powder #2 19 ± 5.9  
Powder #3 East Coast Supplies Ltd. (250mesh) 35 ± 1  99.50% 
 69 
2.2. Aluminium powder metallurgy 70 
 During placement of the powder into the die for cold compaction, the powder particles were gently 71 
vibrated to provide better packing and thereby decreased porosity. The pressure was gradually increased to the 72 
set level. During compaction the individual particles are deformed and cold welded which gives rise to the green 73 
compact strength [24]. The value of green density generally increases with increased compaction pressure and 74 
better packing. It has been reported previously that full density could be achieved with aluminium alloy powders 75 
at a sufficiently high compaction pressure [26]. Unalloyed atomised aluminium powders ( 20 μm) have also 76 
been reported to be consolidated to 100% density with a pressure of 1 GPa [23]. Higher green density after 77 
compaction enables the sintering process to proceed more efficiently. For the aluminium samples, a uniaxial 78 
hydraulic press (George E Moore and Son, Birmingham, UK) was used to produce the green compacts. The 79 
cylindrical die and resulting thin cylindrical shapes were formed as shown in  Fig. 2. For each compaction, 80 
1.5 g of powder was compacted which resulted in a 1.5 mm thick samples with a diameter of 26 mm. All of the 81 
samples were produced at room temperatures between 18 and 25 °C. The compaction force applied for six 82 
minutes was 176 kN corresponding to a pressure of 332 MPa. This pressure limit was chosen in order to avoid 83 
damage to the die and sample during extraction. From a study of collaborating industry partner facilities, it was 84 
found that this pressure level would also be possible to implement within their facilities. Compaction and 85 
forming processes have been developed to deliver much higher pressures such as in the work of Wideroe et al 86 
[22] and in the ECAP process [27], however most commercial and research forming machines work at much 87 
lower pressure levels [28]. Rhombic boron nitride powder as lubricant was physically dusted onto the mould 88 
wall to avoid the edge cracking of the green compacts during the demoulding process. 89 
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 91 
                                          (a)                                                    (b) 92 
 Fig. 2 (a) Picture of compaction mould and (b) schematic of produced specimen dimensions (mm). 93 
The theoretical solid density of pure aluminium is 2.7 g/cm3 while that of the loose powder used in this 94 
research is about 1.43 g/ml (approx. 70 ml for every 100 g of aluminium powder). The density of the green 95 
samples was measured by Archimedes method. For a higher applied pressure, a higher green density would be 96 
expected to result. For the pressures used in this study, the sintered densities obtained at the maximum pressure 97 
of 332 MPa were measured as 85.2%. Pure aluminium can be sintered in nitrogen, dissociated ammonia, argon, 98 
or vacuum [29]. For the DTA, a 20 C/min ramp rate in argon atmosphere was applied to the maximum 99 
temperature of 900 C while the measurements were taken at one second intervals. The as-received aluminium 100 
powder of 15 µm, 19 µm and 35 µm particles sizes melted at temperature of 675 +/-4 C. The oxidation and 101 
liquidus temperatures of the powders used were firstly determined using differential thermal analysis (DTA), 102 
Stanton Redcroft DTA, as shown in Fig.3. 103 
 104 
 105 
 106 
 107 
 108 
 109 
 110 
 111 
 112 
Fig. 3 Differential readings against the temperature of the aluminium powders. 113 
15 µm 
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The nominal melting point for pure aluminium is 660.3 °C but this value is influenced by many factors, 114 
including the oxide content, the particle size, and the purity of powder. Based on the DTA results, the selected 115 
sintering temperature was 600°C (slightly less than 90% of the melting temperature), which meets the "rule of 116 
thumb" that the sintering temperature is usually set between 70% and 90% of the melting point of the metal. It is 117 
well known that insufficient sintering time, overly fast heating rate or short sintering holding time can cause 118 
insufficient diffusion within the sintered aluminium specimens [25]. To accomplish sintering of the compacted 119 
samples presented in this work, a horizontal tube furnace, Carbolite model 3216 with Eurotherm temperature 120 
controller was used. Green samples were positioned in center of the furnace and the temperature of furnace was 121 
ramped up from room temperature at a rate of 20 C/min (or 5 C/min for comparison purpose) until the 122 
maximum temperature, 600°C (88% of the melting temperature) was reached. The maximum temperature was 123 
held for 4 hours, and the furnace was then naturally cooled to room temperature. In this study, an argon inert 124 
atmosphere was used during sintering which resulted in well-sintered samples. After sintering, disk samples as 125 
shown in Fig. 4 were produced. 126 
  127 
 128 
                                                       (a)                                                                   (b) 129 
Fig. 4 (a) Picture of ceramic tundish with pure aluminium disk samples after compaction and sintering: 1.5 g 130 
aluminium powder with argon at a flow rate 1.5 mL/min, temperature of 600 °C, and a holding time 4 hours; and 131 
(b) enlarged picture of disk samples in (a). 132 
3. Specimen characterization 133 
3.1. Indentation testing of disk samples 134 
 After the sintered disk samples of the different particle sizes were fabricated, they were indentation tested 135 
with a five millimeter protrusion indenter on a Zwick Roell, UK, universal testing machine (Z005, T1-136 
FR005TN.A50), as shown in Fig. 5(a). Figure 5 (b) shows some of the samples post testing. Three loading 137 
velocities were examined during these tests, 0.5, 0.7 and 1 mm/min.    138 
 139 
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 141 
                                       (a)                                                                 (b) 142 
Fig. 5 (a) Picture of indentation test configuration, and (b) disk samples after indentation testing; from top 143 
to bottom row, specimens are of 15 µm, 19 µm, and 35 µm powder; while from left to right column, test speeds 144 
represented are 0.5, 0.7 and 1 mm/min. 145 
 Based on the force recorded by the load cell, the sample deflection of the disk can be calculated from the 146 
process parameters using equation 1 [30], 147 
𝑦 =  
3𝑃𝑅2
4𝜋𝐸𝑡3
(3 +  𝑣 )(1 −  𝑣 ) 148 
             (1) 149 
where y is the deflection in the sample centre, P is the vertical load in central point, R is the radius of the circular 150 
solid disk, t represents the thickness of disk, E is Young's modulus of the aluminium (70 GPa), and v equals to 151 
the Poisson's ratio of aluminium (0.35). The radial stress σr and tangential stress σt can be calculated via 152 
Equation 2 and 3 as follows, 153 
     𝜎𝑟 =  
3𝑃
2𝜋𝑡2
 (1 +  𝑣 ) log
𝑅
𝑥
= 0.31𝑃
                               (2) 
154 
    
 155 
𝜎𝑟 =  
3𝑃
2𝜋𝑡2
 [(1 +  𝑣 ) log
𝑅
𝑥
+ (1 − 𝑣) ] = 0.51𝑃
                                    (2)
 156 
where x represents the diameter of the indenter. The axial stress σa was neglected in comparison to the radial and 157 
tangential stress [30, 31]. Based on these equations stress values were calculated and plotted against 158 
displacement, see Fig. 6. Recorded fracture displacements and corresponding radial and tangential stress values 159 
are listed in  Table 2. Aluminium particle size and sintering rate both had influence on the displacement at 160 
which fracture occurred as well as on the corresponding radial and tangential stress. For example, with 0.5 161 
mm/min testing speed, the 35 µm powder particle size provided the largest displacement before failure while the 162 
15 µm average particle samples gave the smallest displacement. It was also observed that a significantly higher 163 
radial and tangential stress were achieved (221 MPa and 365 MPa respectively) for the samples with 35 µm 164 
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mean particle size which were prepared with a sintering rate of 5 °C/min and tested with an indentation rate of 165 
0.5 mm/min, in comparison to the smaller staring particle sizes. The fracture displacements of the samples are 166 
shown in 167 
 168 
 169 
Fig. 7 and the radial and tangential stresses are shown in Fig. 8. The 35 µm mean particle size produced samples 170 
with sintering rate of 5 °C/min provided the highest strength samples under all testing velocities. The 35 µm 171 
powder which contained a mixed morphology and wider size distribution, had significantly improved ductility 172 
due to reduced porosity, as observed from SEM images, in the compacted and sintered sample structure. The 173 
lower sintering rate repeatedly resulted in increased sample strength relative to the higher sintering rate of 20 174 
°C/min. 175 
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 176 
  (a)                                                                  (b) 177 
    178 
  (c)                                                                 (d) 179 
Fig. 6 Stress versus displacement of pure aluminium samples of particle size (a) 15 µm, (b) 19 µm, (c) 35 180 
µm sintered at 20 °C/min, and (d) 35 µm sintered at 5 °C/min. Radial stress and tangential stress are represented 181 
by blue and red lines respectively, n = 3. 182 
   Table 2. Recorded averaged fracture displacement, y, radial stress, σr, and tangential stress, σt, under the 183 
testing speeds of 0.5, 0.7 and 1 mm/min, n=3. 184 
 185 
 186 
 187 
 188 
Testing speed of 0.5 mm/min 0.7 mm/min 1 mm/min 
Particle size 
(µm) 
Sintering rate 
(°C/min) 
[y, σr, σt]]  
(mm, MPa, MPa) 
15 20 2.1, 135, 222 2.2, 138, 227 3.6, 84, 138 
19 20 3.1, 186, 306 2.7, 149, 245 2.8, 177, 292 
35 20 3.5, 148, 244 3.8, 171, 282 3.7, 157, 258 
35 5 4.6, 222, 365 4.4, 199, 328 4.7, 219, 360 
 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 
 10 
 
 189 
Fig. 7 Fracture displacement under the testing speed of 0.5, 0.7, and 1 mm/min. Default sintering rate for 190 
15 µm, 19 µm and 35 µm powder was 20 ℃/min; n = 3; 95% confidence intervals shown. 191 
  192 
    193 
(a)                                                                            (b) 194 
Fig. 8 (a) Radial and (b) tangential stress under the testing speed of 0.5, 0.7, and 1 mm/min. Default 195 
sintering rate for 15 µm, 19 µm and 35 µm powder was 20 ℃/min; n = 3; 95% confidence intervals shown. 196 
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 197 
3.2. Fracture structure characterisation 198 
 The dimpled fracture surfaces of the disk samples, indicating good sample sintering and ductility, are 199 
shown in Figure 9.  200 
 201 
(a) 202 
 203 
(b) 204 
 205 
        (c) 206 
Figure 9: SEM photos of fracture morphology on cross sections of disk samples prepared with (a) 15 µm, 207 
(b) 19 µm, and (c) 35 µm powder, indicating the disk samples were uniformly sintered.  208 
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 209 
4. Results and discussion 210 
 In this work, the P/M route was used to produce pure aluminium disk samples from powders of mean 211 
particle size 15 µm, 19 µm and 35 µm. For green samples made from these powders, the compaction quality was 212 
influenced by compaction pressure, holding time, lubrication method, and powder quantity. The green sample 213 
quality, as measured by porosity, starts to deteriorate under insufficient pressure or by compaction with an 214 
uneven powder surface. These conditions result in final samples which are relatively fragile and brittle. The cold 215 
compaction and sintering process developed in this work produced relatively defect free disks by using a high 216 
compaction pressure (332 MPa) and a holding time of six minutes. The density obtained for the 35 µm powder at 217 
the pressure of 332 MPa was measured as 85.2%. Stress values were very reproducible up to the cracking point, 218 
giving a strong baseline for comparison within this and future work, both for unmodified aluminium and 219 
aluminium composite systems [32-34]. The peak tangential stress values observed ranged from 137 MPa to 365 220 
MPa. It was observed that the significant higher radial and tangential stress were achieved for the 35 µm mean 221 
powder particle size samples produced with the lower heating rate of 5 °C/min.  222 
Robust sintering was achieved from the three aluminium particle sizes, as was observed from the analysis of the 223 
SEM images obtained for each surface. The SEM images of the lower particle size fracture sample surfaces, Fig. 224 
9(a) and 9(b) showed more porous surfaces than was observed from the samples produced from the larger 225 
particle size, see Fig 9(c). The indentation load which lead to these fracture surfaces was applied centrally in the 226 
disk test specimens. There is a clear dimpled structure in the fractographs shown in Fig. 9 (a) and (b). These 227 
fracture structures are typical of those seem in the literature [35] and represent ductile material fracture where the 228 
pores are nucleated from dislocation build up at grain boundaries, followed by pore joining, and eventually to the 229 
point where the stress level is sufficient to break the remaining connected material. The samples produced with 230 
the larger 35 µm average size particle showed higher levels of ductility and load bearing capability. The 231 
associated greater extent of fracture surface shearing and lower amount of dimpling is evident in this fracture 232 
surfaces, see Figure 9 (c).  233 
The mechanical strength of the samples was found to be dependent on the sintering heating rate. The highest 234 
radial and tangential strengths were found for the largest particle size and the lower heating rate of 5°C/min. It is 235 
conjectured that the lower heating rate allowed time for atomic diffusion. Indentation testing results from the 236 
samples with the 35μm particles sintered using a heating rate of 5°C/min exhibited the highest ductility and load 237 
bearing capability (400 MPa at 5 mm) across the three loading rates tested. The error bars are however higher for 238 
the 35 μm particle samples produced with a sintering rate of 5°C/min. The increased error bars for the slow 239 
heating rate are presumed to be due to the enhanced period for gas adsorption and entrainment within the 240 
aluminium. Even small concentrations of gases such as oxygen adsorption could lead to significant increase in 241 
sample porosity and hence reduction in sample mechanical properties. 242 
The DTA results highlighted some variations in the melting temperature of the powders which may be associated 243 
to varying levels of sample purity and oxidation on the particles due to their varying surface area to volume 244 
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ratios and the variance in the heat transfer through the crystal lattices of the samples by virtue of their differing 245 
particle sizes, melt pool uniformity and oxidation levels. The presence of oxygen and/or nitrogen in the 246 
environment during DTA analysis as well as the smaller grain sizes of the powders could also influence the 247 
melting temperature. Further work on detailed TGA and XPS analysis of these particle phase changes and their 248 
surfaces chemistries respectively would allow for a more fundamental understanding and confirmation of the 249 
underlying causes of these results.  250 
 251 
5. Conclusion 252 
 In this work, pure aluminium compacts have been produced with a number of particle sizes and tested at a 253 
number of indentation speeds to establish their physical mechanical behaviour. To achieve stable green and 254 
sintered disk samples, the P/M technique of green compaction and sintering was optimized. Well-formed green 255 
samples and sintered specimen of variable particle sizes were then obtained. The indentation results indicate that 256 
under the identical testing speed, that the 35 µm powder at 5 ℃ / min sintering rate provided the highest radial 257 
and tangential strength, closely followed by the 35 µm powder at 20 ℃ / min sintering rate. This is considered to 258 
be due to the make-up of the 35 µm powder which had a mixed morphology and a wide particle size range. This 259 
significantly improved the material strength by reducing porosity in the consolidated and sintered structures. The 260 
lower surface area to volume ratio of the larger particles provides relatively more aluminium volume and a lower 261 
barrier to inter-particle atom diffusion and binding. Another important finding from this work is the increase in 262 
sintered compact strength which was achieved by using a lower heating rate. In this work, this resulted in a 263 
tangential stress value of 365 MPa which was significantly higher than for the faster sintering heating rate, 244 264 
MPa. The reason for this is believed to be that the lower heating rate allowed increased time and hence extent of 265 
atomic diffusion between particles. The 15 µm powder sample provided the lowest strengths among all samples. 266 
This is likely due to the increased alumina to aluminium volume of the smaller particles making it more difficult 267 
for aluminium atomic diffusion between particles. The P/M process on high purity aluminium powders examined 268 
in this paper presents processing conditions for obtaining pure aluminium samples of definable strength. The 269 
presence of a stable oxide layer is a major restriction in the exploitation of the conventional sintering process for 270 
smaller aluminium powder particles. However, methods of overcoming these problems can be implemented such 271 
as modification of surface oxide distribution, removal of stable surface oxides, and exploitation of the surface 272 
oxide chemistry. In future work, the combination of the controlled process as proposed in this paper with oxide 273 
reduction methods will be examined. For example, oxide concentration may be reduced using a fluxing agent 274 
such as acetamide, zinc chloride, or sodium fluoride [36]. The addition of magnesium is also known to disrupt 275 
the passivating oxide layer via the formation of a spinel phase [37]. These will be examined for the niche 276 
applications of relatively pure metallic applications previously noted such as for electrical and electronic 277 
applications. 278 
 279 
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